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We developed a way of predicting and analyzing high speed optical modulator.
Our research adopted a bottom-up approach to consider high-speed optical links
using an eye diagram. Our method leverages on modular “mapping” of electrical
characteristics to optical characteristics, while attaining the required accuracy necessary
for device footprint approaching sub-micron scales where electrical data distribution
varies drastically. We calculate for the bias dependent phase shift and loss for the
optical modulator based on the real and imaginary part of complex effective indices.
Subsequently, combine effectively both the electrical and optical profiles to construct the
optical eye diagram which is the essential gist of signal integrity of such devices.
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Introduction
Datacenter infrastructure has been one of the fastest growing areas for IT networking driven by
ever-increasing need for a higher and faster number of connections between servers and switches.
One of the characteristics of datacenters is the need for low cost, high performance, high den-
sity, and low power connection. The size, power dissipation, and cost structure of today’s coherent
transceivers, which were developed for long-haul applications, limit these modules’ application in
the more cost-sensitive environment where space comes at a high premium, making line-card den-
sity very important. Consequently, a path to a lower-cost coherent module in a smaller footprint
has become increasingly important.
Silicon photonics could potentially play an important role in delivering these requirements. The
potential disruption of silicon photonics lies in high-speed transmission of 40G and 100G in two
MSA (Multi-source agreement) form-factor families. One of the challenges is to realize silicon opti-
cal modulator, which is a key device for data transmission. Plasma dispersion effect is the most
common method used in silicon optical modulator. The real and imaginary parts of the refractive
index change with the concentration of free carriers. The change in the real and imaginary parts of
the refractive index has been evaluated qualitatively at telecommunication wavelength of 1.55µm
[1]. There are several common approaches to manipulate the charge density for silicon, such as
carrier injection, accumulation and depletion. Our modeling and simulation focused on depletion
type of silicon modulators due to its insensitive to carrier lifetime, thus greater potential for high
speed application. Several carrier depletion based modulators with data transmission in excess of
tens of Giga-bit-per-second have been proposed [2–15].
Conventional method to study the optical modulator uses two different models. Firstly, is to
investigate the electrical behavior and after which the modulator is simulated from an optical point
of view taking into account the electrically induced silicon refractive index change. At the best of
our knowledge, these two models have been developed in two different simulation environments,
the former purely electrical [16] and the latter purely optical [17], giving some consequent prob-
lems and inaccuracies in using the electrical simulation results in the environment where optical
simulation is performed.
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Recognizing these simulation challenges, and vital role of such
modulator, the team focused our research efforts in studying
these modulators specifically. We performed and developed a
modeling and simulation suite for optical modulator, which aims
to overcome these problems. We make predictions of key opti-
cal signal fidelity and model optical modulator in conjunction
with industrialists based on a careful analysis of experimental
data reported in the literature.
Modulator Structure for Modeling and
Simulation
Two state-of-the-art high speed depletion based silicon modula-
tor structure are used to illustrate the methods and results of our
high speed simulation. The first modulator design was published
by Thomson et al. [15] in 2011 and the second modulator design
was revised by Liow et al. [11] in 2010.
The cross-section of the first modulator is shown in Figure 1A
and shall be referred as mod1. Mod1 modulator is formed by
p-type silicon at the rib region extending toward one side of the
slab region, while the other side of the slab region is formed
by n-type silicon. The p+ and n+ are highly doped regions to
form ohmic contacts which connect p and n regions with the
coplanar waveguide electrodes. The latter is referred as mod2
with its cross-section as shown in Figure 1B. For Mod2 struc-
ture, the p-n junction is located slightly toward the right of the
rib waveguide to maximize optical mode interaction with the car-
rier depletion movement. Highly doped p+ and n+ regions are
placed 600 nm away from the p-n junction to minimize excessive
absorption loss. Coplanar waveguides are connected to the p+
and n+ region through Aluminium electrodes. Both modulators
are based on lateral p-n junction fabricated in a Mach-Zehnder
interferometer (MZI) configuration.
Modulator Simulation
Optical modulation can be achieved by arranging silicon phase
shifters in Mach-Zehnder Interferometer or ring resonator
configurations. Performance of these silicon phase shifters
determines performance of the overall modulating speed and
FIGURE 1 | Diagrams showing depletion based silicon modulator based lateral p-n junction fabricated in a Mach-Zehnder interferometer (MZI)
configuration. (A) mod1 and (B) mod2.
efficiency. Phase shifting efficiency and loss are two important
parameters to gage the performance of a silicon phase shifter.
Both semiconductor device and optical simulations are required
to simulate the efficiency and loss of a silicon phase shifter. In this
work, we used SILVACO [16] Atlas device simulator to perform
device simulation. It solves the Poisson’s Equation and the Car-
rier Continuity Equations in thermal equilibrium and calculates
electron and hole distributions at various doping concentration
levels under different biasing conditions. In the simulation, car-
rier statistics are assumed to be Fermi-Dirac, carrier mobility are
assumed to be doping concentration dependent and Klaassen’s
model [18, 19] is also applied. A DC Voltage was swept from 0
to −10V in device anode with 1V step. Carrier distributions at
each reverse bias point were calculated. Plasma dispersion effect
[1] describes complex refractive indices change with carrier con-
centration in silicon. According to the governing equations of
plasma dispersion [1], carrier concentrations are transformed to
change in refractive indices at each reverse bias point from 0
to−10V. The transformed data were input into a finite difference
optical solver to calculate effective refractive indices.
Themain challenges in optical modulator modeling and simu-
lation exist in dealing with different physical domain that requires
different set of governing physics equations, i.e., drift-diffusion
model for semiconductor physics [20] and beam propagation
method (BPM) [21–24] for optical field propagation. The simula-
tor does not provide a prediction of the overlap integral between
the electrical carriers and the optical field. Therefore, it will be
shown that there exists a high degree of non-uniformity in the
predicted injected carrier concentration at the levels of interests
throughout the central guiding region of the device footprint
approaching sub-micron (220 nm overlayer) scales where electri-
cal data distribution varies drastically. This is clearly shown in
Figures 2, 3 the contour plots of the carrier’s concentration and
the equivalent complex refractive indices. It can be noted that the
distribution of electrons and holes in the sub-micron rib waveg-
uiding region is non-uniformly distributed. If we obtained from
SILVACO the mean value of the injected carrier concentration
in the guiding region as demonstrated in large device > 1µm
overlayer [25], it will yield a high degree of inaccuracy. Hence, to
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obtain the resulting changes in refractive index and absorption
for the device under investigation, the data from the electrical
simulation need to be mapped into a similar grid-based optical
simulator to predict absorption and refractive-index changes.
Our technique is able to perform modular “mapping”
of complex optical waveguide structure either in 2 dimen-
sions or 3 dimensions [26, 27], where device footprints are
in the order of hundreds of nanometers. In the case of
mod1 and mod2 device structure, the small variation of
non-uniformity within the waveguide core can have signif-
icant change in device performance. Hence, cross-sectional
cutline method to evaluate the device performance will
not be accurate. Therefore, we employed “modular map-
ping” as shown in Figures 2, 3 that allows us to map
over 10,000 data points in a cross-sectional area of 220 nm
waveguide as compared to tens of data points in conventional
modeling.
Propagation constants of the waveguide across various volt-
age bias points were calculated using finite difference method.
Semi-vector and full-vector description of this method can be
found in numerous literatures [28–30]. Our implementation
take into consideration the eigenmodes and propagation con-
stants of the waveguide calculated using Scipy eigs function
[31], which is based on the implicitly restarted Arnoldi method
[32]. The optical solver discretize the Wave Equation, forms a
sparse matrix and solves the eigenvalue to obtain the funda-
mental mode profile and the effective indices. The optical mode
profile for mod1 and mod2 are shown in Figure 4 together
with the carrier concentration at reverse bias of 8V. Resulted
effective indices are dependent on the carrier distributions at
FIGURE 2 | Contour plots of non-uniform carrier concentration and it equivalent complex refractive indices for mod1 at 0V and −8V.
FIGURE 3 | Contour plots of non-uniform carrier concentration and it equivalent complex refractive indices for mod2 mod1 at 0V and −8V.
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different reverse bias. Phase difference between two voltages is
calculated by:
△ϕ = 2pi
L
λ
(nR,V1 − nR,V2) (1)
L is phase shifter length. λ is wavelength.1neff = nR,V1−nR,V2
is the difference of real effective index between voltage bias V1
and V2. Phase shifting efficiency is defined by 1ϕ/1V where
1V voltage difference. Absorption loss was calculated by the
imaginary refractive index at each reverse bias voltage:
loss = e−4pinIL/λ (2)
For complex device structure, the imaginary-distance beam
propagation method [33] for eigenmode calculation can be used.
In this case, both methods are used to analyze both mod1 and
mod2 and the give very similar results and agrees well with
[11, 15, 34] which verifies that our implementation is correct.
For clarity, results obtained from finite difference method are
discussed.
Figure 5 shows the bias dependent phase shift (2pi/mm) and
loss (dB/mm) for mod1 and mod2 which can be calculated from
the real and imaginary part of complex effective index respec-
tively. The applied bias varies from 0V to −8V, i.e., reverse
bias, which depletes the carriers from the junction of p-doped
and n-doped regions. 1neff increases with the increasing reverse
bias, hence induced higher phase changes due to carrier deple-
tion in the rib region. On the other hand, reduction in carriers
decreases the carrier induced absorption of the light. Therefore,
as expected, losses decrease with an increase in the reverse bias
voltage. It can also be noted that mod2 has a better phase shift
efficiency as shown in Figure 5. This is probably due to the deple-
tion region formed closer to the center of the waveguide, allowing
greater interaction between the optical mode and the depletion
region. A drawback of this is that it also allows more interac-
tion between the optical mode and the n-type region. This will
create more loss as evidenced by the comparison of attenua-
tion coefficient per mm between mod1 and mod 2 as shown in
Figure 5.
High Speed Eye Diagram Simulation
Silicon phase shifters are usually applied to ring resonators or
Mach-Zehnder (MZ) interferometer structures to achieve On-
Off-Keying (OOK). Eye diagram is generated at the output of
an OOK communication system to measure the performance of
the system. System with bigger eye opening, which is quantified
by the extinction ratio, has better bit-error-rate performance at
certain noise level. In this work, eye diagram is generated by sim-
ulating the behavior of a single drive Mach-Zehnder Modulator
(MZM) with random bit sequence. Our simulated eye diagram
at 10-Gb/s NRZ OOK has demonstrated and verified against
experimental data [34] with good agreement.
The length of MZMwas set to be 3.5mm in simulation model.
Effect of imbalance arms was modeled by phase difference at the
output. Phase shifter in one arm of the MZM was biased with
4V reverse DC bias and 4V peak-to-peak RF signal, which was
generated by a random 40Gbps bit sequence. Calculated eye dia-
gram is shown in Figure 6A, compared to Figure 6B, measured
eye diagram in Thomson et al. [15]. Extinction ratio (ER) of
the simulated eye diagram is 7.3 dB, calculated with 10log10 ((1
FIGURE 5 | Phase shift efficiencies and loss for mod1 and mod2.
FIGURE 4 | Optical mode profile overlaps with electrical domain (A) mod1 and (B) mod2.
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FIGURE 6 | (A) Mod1 Eye diagram simulated with 3.5mm MZM, 40 Gbps 4V peak-to-peak RF signal input. (B) Eye diagram derived from optical PRBS data output
at 40 Gbit/s. 3.5mm MZI with 4V RF signal operated at quadrature (7 dB ER).
power level)/(0 power level)). The simulated ER closely matches
the measured 7 dB ER [15].
Conclusions
Our research adopted a bottom-up approach to consider high-
speed optical links using an eye diagram. We perform modu-
lar “mapping” in a non-uniform distributed electron and holes
carrier’s concentration for sub-micron rib waveguiding region.
The data from the electrical simulation is mapped into a similar
grid-based optical simulator to predict absorption and refractive-
index changes. This is to solve for the real and imaginary part
of complex effective indices, which are used to calculate for the
bias dependent phase shift (2pi/mm) and loss (dB/mm) for the
optical modulator respectively. This predictive approach is exem-
plified by the analysis of the modulation of the optical signal
with best-in-class depletion-based siliconmodulators arranged in
a Mach-Zehnder Interferometer (MZI) configuration. The sim-
ulated silicon phase shifter efficiency and eye diagram closely
matched experimental measurements.
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